We predict and experimentally verify an entoptic phenomenon through which humans are able to perceive and discriminate structured light with space-varying polarization. Direct perception and discrimination is possible through the observation of distinct profiles induced by the interaction between the polarization gradients in a uniform-intensity beam and the radially symmetric dichroic elements that are centered on the foveola in the macula of the human eye. A psychophysical study was conducted where optical states with coupled polarization and orbital angular momentum (OAM) were directed onto the retina of participants. The participants were able to correctly discriminate between two states, differentiated by OAM = ±7, with an average success probability of 77.6% (average sensitivity d = 1.7, t(9) = 5.9, p = 2×10 −4 ). These results enable new methods of robustly characterizing the structure of the macula, probing retina signalling pathways, and conducting experiments with non-separable optical states and human detectors.
The complexity and richness of the human visual system makes it a focus point of incredibly diverse research. Recent technological advances in optics have enabled accurate probing of human visual perception capabilities and limits. For example, it was shown that humans are able to detect single quanta of light, or photons, with a probability greater than chance [1] . The long standing question being whether a single photon incident on a photoreceptor can be perceived [2] [3] [4] [5] . In this letter we explore a novel domain of human vision by experimentally verifying an entoptic phenomenon through which humans perceive and discriminate different forms of structured light with space-varying polarization. A pictorial representation is shown in Fig. 1a , where space-varying polarization profiles are realized via optical states with coupled polarization and orbital angular momentum (OAM). We demonstrate that the OAM modes of this particular form of structured light induce distinct entoptic images in humans.
The ability to perceive space varying polarization in structured light may be derived from an entoptic phenomenon through which humans can perceive the polarization state of light. [6] . When viewing polarized light, a bowtie-like shape (known as "Haidinger's brush") appears in the central point of the visual field. Although the exact physiological origin of the Haidinger's brushes is not fully understood, the prominent theory suggests that the perception of Haidinger's brushes depends on the presence of radially symmetric dichroic elements that are centered on the foveola [7] . This has led to studies on the use of Haidinger's brushes to assess central visual field dysfunction and age-related macular degeneration [8, 9] , and macular pigment density [10] . * dsarenac@uwaterloo.ca † a8silva@uwaterloo.ca
The orientation of the Haidinger's brush depends on the polarization state of light. Linearly polarized light induces a brush oriented perpendicular to the polarization direction [6] , while the brush appears rotated ≈ 45 • clockwise (counter-clockwise) when viewing left (right) circularly polarized light [11] . However, retinal adaptation causes Haidinger's brushes to disappear after a few seconds if the polarization direction relative to the eye does not change. It has been found that stable perception of the brushes is achieved when the linear-polarization source is rotated at ≈ 1 Hz [12] . One may observe the behaviour of Haidinger's brushes by looking at the light scattered in the clear sky ≈ 90 • from the sun [13] . With some practice, a brush may be observed that points towards the sun.
In this study we consider perception of structured light with a polarization direction that varies across the beam. The general form of the transverse wavefunction of a spatially dependant optical state travelling along the zdirection is given by:
where we have used the bra-ket notation for convenience, (r, φ) are the cylindrical coordinates, and |L and |R denote the left and right circular polarization. As shown in Fig. 1b , the macular pigment molecules (red) in the human macula are bound to the radially oriented Henle fibers (orange) that surround the foveola [7] . The accepted model for the action of the macula on the incoming light is to treat it as a radial polarization filter [14] [15] [16] , a concept dating back to Maxwell and Helmholtz [17, 18] . The operator of the macula can therefore be expressed as:
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whereσ x is the Pauli operator. The clarity of the brush when viewing circularly polarized light is determined by the total amount of phase (α) that the ocular birefringence induces, which is subject to individual variation [14, 19, 20] . The two operators of Eq. 2 & 3 acting on a polarized light beam reproduce with good agreement the reported descriptions of the Haidinger's brushes. The same equations can be used to predict how humans would perceive structured light and polarization gradients. It follows that the profile that a person would perceive when viewing an arbitrary structured light beam is given by:
where |Ψ is given by Eq. 1. The radial symmetry of the macula in the human eye coincides with the symmetry of polarization coupled OAM states. The eye operator in Eq. 2 possesses an e i2φ term, whereas OAM states are associated with a helical phase front which is described by the factor e i φ in the wave function, where φ is the azimuthal coordinate and is the OAM number. The emergence of structured beams and OAM states in light [21] , electrons [22] [23] [24] , and neutrons [25] [26] [27] has revolutionized quantum technologies and enabled numerous applications in microscopy, quantum information processing protocols, material characterization, and manipulation of matter [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Here we extend the control of structured light to visual science applications. The schematic of the experimental setup is shown in Fig. 2 . The laser light was attenuated to <1 µW/mm 2 at the location of the observer in order to conform to the guidelines for laser exposure time outlined by the International Commission on Non-Ionizing Radiation [39] . A spiral phase plate (SPP) [40] was placed in one arm of a Michelson interferometer along with standard polarization components. The SPP in reflection mode induced OAM of = 7 for λ = 450 nm light. The setup thus allowed us to prepare and switch between the following two states:
where θ(t) is a linear phase in time which acts to rotate the polarization profile of the beam, analogous to rotating the polarization direction of a beam to induce high clarity Haidinger's brush [12] . By translating the mirror along the beam propagation direction we varied θ(t) by ≈ 2π/7 rad/s. For a complete description of the parameters in the setup see Appendix A. It follows from Eq. 5 that the left circular polarization state of |Ψ ± carries an OAM of ± , and that the spatially dependant phase shift ii) The images observed by a CMOS camera placed before the user lens when a linear polarizer (LP) is placed in front of the camera. The seven azimuthal fringes correspond to the phase structure of |Ψ+ and |Ψ− , the only notable difference being the 180 • azimuthal phase shift. The attenuators were removed to obtain the images shown in i) and ii) and the camera gain was correspondingly optimized. In the study the participants only observed beams shown in i), and the red circles bound the area (≈ 2 • of field of vision) with good intensity and high quality phase structure that the participants were instructed to observe. The two simulated profiles of what the participants were expected to observe are shown in Fig. 1c under the labels " = 7" for |Ψ+ and " = −7" for |Ψ− . e i φ manifests into a space-varying polarization profile.
For the two states of Eq. 5 we can determine the profiles that a person would observe using Eq. 4. The two simulated profiles are shown in Fig. 1c under the labels " = 7" for |Ψ + and " = −7" for |Ψ − . Furthermore, using Eq. 4 we can determine that a person would observe | − 2| number of azimuthal fringes when viewing a beam described by Eq. 5. This can also be deduced by noting that the eye operator in Eq. 2 possesses a e i2φ term. The azimuthal fringes arise from the interference of the two polarization states that are carrying different OAM. Therefore a person may discriminate between the two states of Eq. 5 by observing the number of azimuthal fringes: |Ψ + manifests 5 azimuthal fringes and |Ψ − manifests 9 azimuthal fringes.
To test the hypothesis that human observers can discriminate between the two states of Eq. 5, a psychophysical study was conducted where randomly selected states (either |Ψ + or |Ψ − ) were presented and participants discriminated between the two states based on the number of azimuthal fringes that they observed. Several factors helped ensure that the number of azimuthal fringes was the only cue for discriminating the beams. The setup used the orientation of the outer QWP to change between |Ψ + and |Ψ − while keeping the same SPP configuration. This ensured that the circular machining features noticeable in Fig. 2i were equally present in both cases. The studies were done without any ambient light and there was a screen (with a 1 inch diameter hole for the laser light to travel through) before the user lens which blocked the view of the setup by the participant. Furthermore, the QWP whose orientation determined which state was being observed was motorized to make an equal amount of motion between each trial. For a complete description of the psychophysical procedure see Appendix C.
After a brief familiarization period, the participants performed 100 random trials with structured light over two sessions on separate days. After viewing the stimulus, participants responded in one of two ways, responding "many" if they observed 9 rotating azimuthal fringes or responding "fewer" if they observed 5 rotating azimuthal fringes. Fig. 3 shows the results for the ten participants who completed the study. There was no statistical difference between the results of session 1 and session 2, and therefore the data from both sessions were collapsed for the main analysis.
Sensitivity d and response bias c were calculated for each participant. Percent correct is influenced by both a participant's ability to perform the task and the participant's response bias. However, d is independent of response bias and is therefore a more accurate measure of performance when response bias is present [41] . Data was analyzed using two-tailed, one-sample t-tests with 9 degrees of freedom against the null value of 0.
All participants achieved performance that is numerically above chance, and collectively they achieved good discrimination sensitivity, d = 1.7, t(9) = 5.9, p-value: p = 2×10 −4 , corresponding to a mean accuracy of 77.6 % correct. A significant response bias was also observed, c = −0.2, t(9) = 3.0, p = .02, as participants responded "many" more often than "fewer". Fig. 3 also suggests a bimodal distribution, where half of the participants achieved near-ceiling performance and the other half exhibited lower scores but remained above chance. There are no apparent explanations for this subdivision in terms of gender, age, or vision. We speculate that task performance is related to the various degrees of sensitivity that results from individual differences in the amount of ocular birefringence and the the organizational structure of the macula.
To the best of our knowledge these experiments provide the first exploration and confirmation of humans directly perceiving and discriminating structured light. Many follow up experiments are enabled given the recent advances in the control and manipulation of structured light. The setup in Fig. 2 can be improved by incorporating a spatial light modulator in place of the SPP. This would allow us to prepare arbitrary polarization gradients and test the psychophysical thresholds of human perception of polarization: the sensitivity distribution to a range of OAM numbers, individual differences in discrimination ability, and human sensitivity to other forms of structured light and polarization gradient patterns. Furthermore, optimizing the subjective clarity of the observed image allows us to determine the exact forms of Eq. 2 & 3 for a particular person. The exact form of the operators is currently subject to debate [7, [14] [15] [16] .
Our follow up studies will also explore clinical applications of structured light perception. We speculate that structured light can be a highly sensitive probe of central visual field dysfunctions and age-related macular degeneration. Similar to fundus imaging with polarized light [42, 43] we can devise objective photographic tests with structured light.
Given the non-separability of Eq. 5 an experiment can be conducted where the correlations between the two degrees of freedom (DOF), polarization and OAM, are confirmed with humans as detectors. The rotation of the profile that would be observed in the following two cases should be identical: phase shift on the OAM DOF (induced by rotating the SPP) and the phase shift on the polarization DOF (induced by a properly aligned birefringent material). [44] I. ACKNOWLEDGEMENTS 
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A. Setup and Stimuli
The detailed schematic of the setup is shown in Fig. 4 . For this experiment we adhere to the guidelines for laser exposure time outlined by the International Commission on Non-Ionizing Radiation Protection which state that the maximum permissible exposure for a human eye for blue wavelengths is 1 µW/mm 2 [39] . Attenuators of ND=3.5 were placed after the laser in the setup and the intensity of light was ≈ 2.9 nW before the user lens. It was confirmed that the power density of light near the focal spot (near the eye location) was well below the stated limit. The apparatus was approved for use with human participants by the University of Waterloo Ethical Review Board following an assessment by the University of Waterloo Safety Office.
As the clarity of the Haidinger's brushes peaks for blue light of ≈ 460 nm wavelength, we used a diode laser with a central wavelength of 450 nm. A single mode optical fiber was used to clean the beam which was then expanded to 1.25 cm diameter via a 2 lens telescope system (f 1 = 25 mm and f 2 = 150 mm). The beam was then passed through a vertical polarizer. A Michelson interferometer was used to prepare the states of Eq. 5. A beamsplitter first creates a coherent superposition of two paths. One of the paths is reflected by a mirror and the other path is reflected by a spiral phase plate (SPP). The SPP was generated out of 4N purity aluminum in an ultra precision machining center using custom diamond tooling. Temperature control was kept within 1 • C and form accuracy was limited by the thermal expansion of the aluminum due to any thermal drift. The SPP used in the experiment was originally designed for experiments with λ = 532 nm. The actual step height of the SPP is 1596 nm, and over a 25 mm aperture the form accuracy is ±0.5 µm, and the finish is ±15 nm.
A quarter wave plate (QWP) was placed in front of the SPP in order to induce a polarization flip. Finally a QWP was placed at the output of the Michelson interferometer in order to prepare the two states of Eq. 5. The orientation of the QWP determined which output state was being prepared. Hence this QWP was placed on a rotation stage. A lens with f = 150 mm was used to focus the beam onto the retina of the participants. Several lenses (f= 75, 100, 150, 200, 250, 400, 500 mm) were tested by authors D. S. and C. K. who determined based on their subjective perceptions of the structured light that f=150 mm was the optimal choice.
The mirror was placed on a translation stage in order to induce a controlled phase shift and hence effectively rotate the polarization profile. By translating the mirror along the beam propagation direction we varied θ(t) by ≈ 2π/7 rad/s. This is analogous to rotating the polarization direction of a beam to induce high clarity Haidinger's brush [12] .
The participants covered their non-viewing eye with an eye patch. The headrest included a chin rest with a variable height and a forehead rest bar. The location of the user lens was optimized for each participant. Fig. 2i shows the camera imaged intensity profiles that were observed. The OAM = −7 inducing 9 fringes was termed "many" while the OAM = 7 inducing 5 fringes was termed "fewer". In the study the participants only observed beams shown in Fig. 2i , and the red circles bound the area (≈ 2 • in field of vision) with good intensity and high quality phase structure that the participants were instructed to observe.
B. Participants
Experimental participants were recruited from the Institute for Quantum Computing and the School of Optometry and Vision Science at the University of Waterloo. The complete study involved two experimental sessions. Participation required written informed consent and all participants received CAD$15 per session in appreciation for their time. All research procedures received approval from the University of Waterloo Office of Research Ethics and all participants were treated in accordance with the Declaration of Helsinki.
A total of 12 participants were recruited. Of these, 2 participants did not complete the study. One participant voluntarily withdrew after reporting that they saw many floating features which obscured the stimulus during the familiarization period. The second participant reported discomfort and so they were immediately removed from the study. Therefore, 10 participants completed the experiment.
C. Psychophysical Procedure
Participants were tested on a psychophysical discrimination task over two experimental sessions. A familiarization period occurred during Session 1 whereby the participants viewed the "many" beam while the mirror in the setup was translated, inducing a rotation of the pattern either clockwise or counterclockwise. Participants were asked to observe the region bounded by the red circles in Fig. 2i and indicate the direction of rotation. Participants began the main experiment after five consecutive correct answers in the familiarization task.
After familiarization, participants performed the main psychophysical task. A 5 min dark adaptation period occurred at the start of each session. All participants observed the beam with their preferred eye and the other eye was patched. Each session was composed of 5 blocks with 10 trials each. The trials were separated by ≈ 5 sec, and no break occurred between blocks. At the start of a block, participants observed two alternating presentations of the "many" and "fewer" beams, each lasting up to 10 seconds. The correct label for each beam was told to the participants. After completing the alternating presentations, participants performed the discrimination task. For each trial a Python 3.6 random number generator was used to determine which state the participant would view. Each trial was presented for no more than 15 seconds (excluding the instances where the participant wished to adjust their position), and the participant verbally indicated the perceived trial type. C. K. was in charge of initializing the QWP orientation via the motorized stage, and he provided the real-time corrective feedback to the participant after each trial. D. S., who did not know the orientation of the QWP in the trials, was present to answer any questions that the participant might have during the study. In total, each participant completed 100 trials across 2 testing sessions (5 blocks × 10 trials per block × 2 sessions).
